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When SV40 is serially passaged at high multiplicity of infection in
African Green Monkey (Cercopithecus aethiops) kidney (AGMK) cells,
the resulting viral genomes include both wild type and defective
variants. Some 35 years ago, a number of these variant genomes were
isolated, characterized (Brockman et al., 1973; Frenkel et al., 1975;
Gutai and Nathans, 1978b; Lavi and Winocour, 1972; Lee et al., 1975;
Oren et al., 1978; Rao and Singer, 1977a,b) and subjected to sequence
analysis primarily by Dan Nathans and colleagues (references in
Table 1). Typically, the defective genomes lost large and varying
portions of wild type SV40 DNA but always retained the origin
sequences required for replication. Most of the circular variant
genomes were constructed of tandem arrays of similar if not identical
repeat units containing monkey DNA sequences covalently joined to
the remaining viral DNA; the number of tandem repeats was assumed
to be such as to yield a genome close in length to that of the wild type
SV40 genome, thereby enabling packaging into virions. The partial
sequence of some variants suggested that extensive recombination
had occurred during their evolution (Gutai and Nathans, 1978a,b;
McCutchan et al., 1979;Wakamiya et al., 1979) ; and a rolling circle
mode of DNA replication was proposed as one explanation for their
tandemly repeated structure ( Dorsett et al., 1985). The sequence datapermitted the characterization of the recombination junctions in those
situations where sequences of both recombining DNAs were known.
These included the junctionsbetweendifferent SV40DNAsegments and
between monkey α-satellite DNA or Alu DNA and SV40 DNA (Dhruva
et al., 1980; Gutai, 1981; Gutai and Nathans, 1978b;Wakamiya et al.,
1979). The analysis of these junctions revealed short regions of
nucleotide sequence homology (Gutai, 1981; Gutai and Nathans,
1978b; McCutchan et al., 1979) and short direct repeats at or close to
the SV40/SV40 joins (Hasson et al., 1984). Other junctions between
SV40 DNA and uncharacterized monkey DNA, or between different
monkey DNA inserts, could not be identiﬁed and analyzed because the
primate genome sequences were not available at that time. Now that
the genome sequence of Macaca mulatta, a rhesus macaque monkey
closely related to the African Green, is available (Gibbs et al., 2007) we
have reexamined the sequences of eight SV40 host-substituted variant
genomes in order to identify the chromosomal locations of the
monkey DNA inserts. The data have allowed us to pinpoint and
analyze additional recombinant junctions in the variants and to screen
the crossover regions in the parental monkey DNAs for features
relevant to the recombination mechanisms. Finally, we have used the
information obtained to reconsider various recombination pathways
that could have given rise to the host-substituted SV40 variants.
Results and discussion
Origin and structure of the variants
Table 1 lists the SV40 variants analyzed in this report. All the
variants except for in1449 (which is described below) were obtained
Table 1
Summary of variants.a
Variant Passage number Accession numbers Repeat unit (bp)/no. repeats References
CVP8/1/P2 10 K00999, K01000b 1210/4 Wakamiya et al. (1979)
ev-1101 13 K01716 864/5 Woodworth-Gutai et al. (1983)
ev-1103 13 K00807, K00808, K00809,
K00810, K00819, K00820b
449/9 Gutai and Nathans, 1978b;
McCutchan et al., 1979
ev-1104 45 K00802, K00803, K00804,
K00805, K00806b
1416/3 Gutai and Nathans (1978b)
Szymanski and Woodworth (1990)
ev-1110 5 K001103 749/6 Sheﬂin et al. (1983)
ev-2101 6 K01715 828/5 Woodworth-Gutai et al. (1983)
ev-2102c 5 K01100 1231/4 Sheﬂin et al. (1983)
in1449d K01001 none Dhruva et al. (1980)
a CVP8/1/P2 was isolated from serially passaged SV40 strain 777 by plaque puriﬁcation at limiting dilution as described in the legend to Fig. 1; the other variants were isolated
from serially passaged SV40 strain 776 by molecular cloning as described in the references in the last column.
b Multiple accession numbers indicate that various segments in the repeat unit are recorded separately in GenBank.
c Only residues 1–764 are recorded; this includes monkey sequence and the junctions with SV40 DNA.
d The initial SV40 genome had a deletion and all SV40 sequences in the initial genome are included in the variant, in1449.
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Fig. 1. Schematic representation of the 1210 bp tandemly repeated unit of CVP8/1/P2
(Wakamiya et al., 1979). The diagram shows the SV40 segment and the 5 different
monkey DNA segments and their relation to one another within the repeated unit.
Also shown are the chromosomal origins of the monkey DNA segments and the
family of repetitive DNA to which they belong; additional details are in Table 2. The
SV40 segment contains a total of 476 bp between SV40 777 residues 344 and 5033
including an internal deletion and inversion of wild type SV40 sequences. Judging
from restriction endonuclease digests (Wakamiya et al., 1979) CVP8/1/P2 is closely
related to the F161F host-substituted SV40 variant described by Oren et al. (1978).
The drawing is not to scale.
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BSC-1 African Green Monkey kidney (AGMK) cells and are defective.
The estimated length of the tandemly repeated units in each variant
genome is given followed by the number of units required to yield the
total length of the variant DNA that can be encapsidated into virions
(Table 1, column 4). Each repeat unit is composed of both SV40 and
monkey genomic segments. Thus, for example, the repeat unit in
CVP8/1/P2 is 1210 bp long and it is assumed that four such units
provide a total length of 4840 bp; ﬁve units would yield a total length
of 6050 bp, too long to be packaged into virions. The schematic
diagram in Fig. 1 shows the structure of the repeat unit in CVP8/1/P2.
The viable variant in1449 was isolated from a plaque that arose
after transfection of AGMK cells with the DNA of a viable mutant
containing a deletion in the early region of the SV40 genome (Dhruva
et al., 1980; Shenk et al., 1976). Its structure is signiﬁcantly different
from that of the variants that arose upon serial passage in that it
contains no tandem repeats. Rather, a 157-base pair segment
homologous to the Alu family of repeated sequences in primate
genomes was inserted into the 5′ untranslated region of the SV40
early genes. in1449 is of interest since it is the only host- substituted
SV40 variant described so far that is capable of independent
replication. Despite the differences in structure and phenotype, the
features of the viral/host DNA junctions in in1449 are similar to those
of the other host-substituted variants, as described below.
Identiﬁcation of the monkey DNA segments in the variants
The presence of the highly repeated α-satellite and Alu sequences
in several of the variants was recognized early because they could be
identiﬁed by Southern blotting and sequence comparisons. To identify
the other host DNA segments in the variants, we queried the rhesus
(M. mulatta) genome with the published variant DNA sequences.
Table 2 lists those rhesus DNA segments best matched to the variant
DNAs. In two instances ( Table 2, footnotes d,e) sequences or parts of
sequences in the variant DNA could not be identiﬁed in the rhesus
genome although good matches were found in the chimpanzee ( Pan
troglodytes) data bank; the data bank entries for the rhesus genome in
the corresponding regions indicate that the sequencing data are
incomplete. In all cases but one (see below) the monkey DNA inserts
are derived from different chromosomal locations.
The identiﬁcation of the monkey DNA inserts in the variants is
based on the rhesus data bank since the sequence of the African
Green monkey genome is not yet available. The rhesus and African
Green monkey species (separate genera in the cercopithecidae family)
are closely related by comparative karyotype analysis (Estop et al.,
1978). In addition to rhesus, we also investigated the chromosomal
diversity of the inserts by querying the chimpanzee (partly reportedin Table 2, footnotes d,e) and human ( data not shown) data banks.
The results from these additional primate genomic data banks
conﬁrmed that the inserts are derived from widely dispersed
chromosomal locations. Hence, there is no reason to assume that
although the variants acquired their inserts after growth in
established lines of African Green monkey origin that the diversity
of their genomic origins would be signiﬁcantly different from what it
is in rhesus monkeys.
Five out of the 8 variant genomes contain more than one monkey
DNA insert in the same repeat unit. In these variants, some segments
of chromosomal origin are joined to one another while others are
joined to SV40 DNA. Each of the repeat units of the CVP8/1/P2 and ev-
1104 variants, for example, contains 5 monkey DNA segments derived
from different chromosomal locations. Each of the units in the ev-
1101, ev-1103 and ev-2101 variants contains two monkey DNA
segments from different chromosomal locations. The remaining
variant genomes contain a single monkey DNA insert. The presence
of linked monkey DNA segments of disparate genomic origins in the
same repeat unit has an important bearing on the way that the
variants might have arisen, as discussed in the concluding section.
Table 2
Host DNA inserts in the variants.
Variant Host DNA inserta
Chr: positionb bp %ATc Family
CVP8/1/P2 17: 37,752,913-37,753,076 164 67.9 LIME1
1: 95,653,697-95,653,849 153 62.6 LINE-2
20: 78,733,530-78,733,698 170 60.1 L1MC5-MER1-M1Rb
3: 183,202,644-183,202,732 160d 61.6 MER1B
141-172/1-124 157 58.7 α-satellite
ev-1101 17: 53,308,546-53,308,763 217 65.7 LIP3
1e:42,088,163-42,088,245 82 49.1 LTR MLTIF of MalR
ev-1103 12: 37,320,985-37,321,121 136 71.7 A-rich
133–172/1–102 143 58.7 α-satellite
ev-1104 12: Nf-37,321,121 N60 71.7 A-rich
11: 99,926,688-99,926,747 59 54.5 MER102b
1: 106,105,513-106,105,645 131 65.2 Low frequency repeat
19: 33,751,366-33,751,412 47 63.8g Partly α-satellite
Nf-172/1-6 N47 58.7 α-satellite
ev-1110 106-172/1-172/1-106 334 58.7 α-satellite
ev-2101 3: 30,262,099-30,262,337 245 65.0 L1ME2
7: 105,402,549-105,402,838 291 72.0 L1ME3
ev-2102 5: 50,871,371-50,872,054 680 61.0 Alu-L1MC4-MER2
in1449 1h: 41,653,871-41,654,029 159 49.6 Alu
a M. mulatta (rhesus) genome version of 2006 except as indicated.
b Chromosome number and position.
c The percent AT was calculated for the genomic segment homologous to the insert
plus 250 nucleotides on either side except in the case of α-satellite inserts where the
percent AT is that of an entire α-satellite repeat unit (172 bp).
d The insert is 160 bp long but only 89 bp could be matched to the M. mulatta
chromosomal DNA because the genome sequence is incomplete in this region of
chromosome 3. The full 160 bp segment matches 160 bp on chromosome 7 of P.
troglogdytes (chimpanzee); this chromosome 7 region is known to be homologous to
the M. mulatta chromosome 3 (Gibbs et al., 2007).
e The 82 bp insert could not be matched in the M. mulatta genome which is
incomplete in the homologous region. However, the 82 bp are a good match to a
segment on P. troglodytes chromosome 1 and the M. mulatta chromosome 1 is
homologous to that of P. troglodytes (Gibbs et al., 2007). The sequence indicated here
and used in the rest of this report is the P. troglodytes sequence.
f The sequences at the junctions marked by N in ev-1104 were not determined. The
full lengths of the chromosome 12 and α-satellite inserts are indicated as greater than
60 and 47, respectively (N60 and N47 bp) and were estimated from the sequenced
junctions (with chromosome 12 and SV40, respectively) and reported restriction
endonuclease fragment size analyses (Szymanski andWoodworth, 1990). The available
sequences align with residues 37,321,061–37,321,122 on chromosome 12 and residues
6-1/172-133 on the AGM α-satellite consensus sequence (Rosenberg et al., 1978).
g Calculation of the percent AT excluded 96 of the 250 residues upstream of the insert
because they have not been reported.
h The Alu in in1449 matches the Alu at this position on chromosome 1 and many
other Alus as well; the selection of the sequence of this one for the present analyses
was arbitrary.
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sequences occur in two variants that were isolated at different
passage levels in the same series (ev-1103 isolated at passage 13 and
ev-1104 isolated at passage 45, Table 1). In these two variants, the
chromosome 12 and SV40 DNA segments, and the junctions between
them, are identical (Table 2 and Figs. S1D and S2C in supplementary
data). However, ev-1104 contains 3 additional monkey DNA segments
that are not present in ev-1103 (Table 2) suggesting that additional
recombination events occurred between the 13th and 45th passage
and hence that variants can evolve during passaging. Some common
features in ev-1101, ev-1103 and ev-1104 and the increasing
structural complexity of this series were noted previously (Gutai
and Nathans, 1978a,b).
Although all the monkey genome sequences identiﬁed in the
variants are derived from classes of repetitive DNA (Table 2, column
5) most vary sufﬁciently from the corresponding consensus
sequences to be located within the monkey genomes with high
probability, based on scores provided by BLAT. However, the
chromosomal locations of the α-satellite sequences are uncertain
because of the copy number and similarity among the genomic
repeats of this DNA family. Alu sequences are also highly repeated inthemonkey genome but the Alu insert in in1449 is a reasonablematch
for a segment on chromosome 1. The Alu in ev-2102 is within a longer
segment that could readily be located on chromosome 5. LINE-1, Alu,
and α-satellite are the most abundant repeated sequences in the
genome (Babushok and Kazazian, 2007; Gibbs et al., 2007; Pace and
Feschotte, 2007) and of the 19 segments in the variants analyzed,
these three are the most abundant; 6 are LINE-1 (L1), 4 are α-satellite
and 2 contain Alu sequences. However, the number of variants
available for analysis is too small to make any signiﬁcant statement
about preferences for recombination. Similarly, there is no obvious
preference in the variants for sequences from any particular
chromosome. The data in Table 2, together with the sequence
information below, indicate that SV40 can recombine with multiple
DNA sequences in the monkey genome.
We analyzed the base composition of the identiﬁed parental
monkey DNA segments listed in Table 2, extended by 250 base pairs of
ﬂanking DNA on both sides. These monkey DNA segments tend to be
derived from portions of the genome that are relatively rich in AT base
pairs (column 4) compared to the overall rhesus genome base
composition of 59.3% AT (Gibbs et al., 2007). Of the 25 junctions
analyzed in this paper, AT base pairs are found at 19. The
preponderance of AT base pairs around the junctions in ev-1103
and CVP8/1/P2 was noted previously (Gutai and Nathans, 1978a,
1978b; McCutchan et al., 1979 ). It is possible that the tendency of AT-
rich DNA to unwind preferentially provides a source of single-
stranded regions susceptible to cleavage thereby generating free ends
for recombination.
The recombinant junctions
The sequences of the SV40 and monkey DNA segments in the
variants were aligned with the sequences in the parental genomes.
These alignments unambiguously deﬁne the junctions between viral
and host DNA and between host DNA segments of disparate origins.
Fig. 2 shows the alignments obtained with the CVP8/1/P2 variant
DNA. The alignments with the DNAs of the other variants are shown in
supplementary data Fig. S1 (ev-1101 and ev-1103), Fig. S2 (ev-1104
and ev-1110), and Fig. S3 (ev-2101, ev-2102, in1449). In each ﬁgure,
the sequences of the two recombining parental DNA segments are
given at top and bottom of each panel with the recombinant sequence
of the variant in the middle. The parental DNA sequences that ﬂank
the recombinant junctions and which are present in the variant
genomes are shown in upper case letters. It should be noted that the
possible deletion of some nucleotides during the formation of the
junctions cannot be addressed with the available data. The coordi-
nates of the DNA sequences, which for clarity have been omitted from
the ﬁgures, are given in Table S1.
Essentially all of the junctions appear to be blunt joinings of the
recombined segments. There are only a few base pairs at some
junctions that differ from the recorded parental genomic sequences
with which they are matched, as for instance the junction between
segments from chromosomes 20 and 3 in Fig. 2C. While these changes
may have occurred during recombination, theymay also be accounted
for by the fact that the monkey genomic sequences are taken from the
rhesus data bank while the variants were generated in AGMK cells.
There is, accordingly, little indication of insertions of new base pairs at
the junctions.
To identify the SV40 DNA segments, we queried the strain 777 and
776 data bankswith the variant DNA sequences. Table 3 shows that, as
expected, all the SV40 sequences required in cis for replication
(DeLucia et al., 1986 ) are retained. In several variants, SV40 DNA
junctions cluster within a few nucleotides of each other. For example,
the SV40 junctions withmonkey chromosome 1 DNA in ev-1101, with
monkey α-satellite DNA in ev-1103 and with monkey chromosome
11 DNA in ev-1104 all occur within 8 bp of each other at, respectively,
SV40 residues 66, 71, and 63 (Figs. S1C, S1E and S2A). These 3
(A)
Chr17(+) ggctaaatatttgaatactttctcagaaag:A:TATGCAGATAACAAATAAGCACATGAAAATG
CVP8     CTGATAAAGGAGGAGATGAAGAAAAAATGA:A:TATGCGGATAACAAATAAGCACACGAAAATG
SV40(-)  CTGATAAAGGAGGAGATGAAGAAAAAATGA:A:gaaaatgaatactctgtacaagaaaatggaa
(B)
Chr17(+) GAATTTAAAATAGTACAATCACTTTGTATAA:CAGTT:tcacagttattgaaaaaattaaacataca
CVP8     GAATTTAAAATAGTACAATCACTTTGTATAT:CATTT:GAAAAACCATGATCTTTACACTGGGTTTT
Chr20(-) caactgctgggaatggagtatggagttgtct:CATTT:GAAAAATCATGATCTTTACACTGGGTTTT
(C)  
Chr20(-) CAGACATCATGTGCCTTCTCATGCTAGAAC:A:caccaccgagaaagcacccttgcaaatatt
CVP8     CAGACATCATGTGCCTTCTCATGCTAGGAG:A:GTATCCAGGCACTATTATATGTCAAATATG
Chr3(-)  tagtagtacctgacctatctcatagggttg:A:ATATCCAGGCACTATTATATGTCAAATATG
(D)
α-sat(+) TGTGGAATTGGCAAAGGGATATTTGGAAGC:CCATA:gagggctatggtgaaaaaggaaatatcttc
CVP8     TGTGGAATTGGCAAAGGGATATTTGGAAGC:CCATA:AGGTCTTTTTTCAAAAATCACCTGGTTAAC
Chr1(+)  cagatagtcacatatctagccccatcactt:CCTTC:AGGTCTTTTTTCAAAAATCACCTGGTTAAC
(E)
Chr1(+)  TACTGTACATTTGACTTTTCTGTTTATTGT:TTT:ttccatattaaaatataacctccatgagga
CVP8     TACTGTACATTTGACTTTTCTGTTTATTGT:TTT:CAGGCCATGGTGCTGCGCCGGCTGTCACGC
SV40(+)  tacctaaccaagttcctctttcagaggtta:TTT:CAGGCCATGGTGCTGCGCCGGCTGTCACGC
(F)
Chr7(-)  CTCATATGGAGCAGGCAACCTAGATTTCTG:A:catgcgcagttcacaacagggctcctgttc
CVP8     CTCATAAGGGGCAGGCAACCTAGATTTCTG:A:AGGAAATATCTTCTGTTCAAAACTGGAGAG
α-sat(+) tttggaagcccatagagggctatggtgaaa:A:AGGAAATATCTTCCGTTCAAAACTGGAAAG 
Fig. 2. Nucleotide sequence microhomologies and repeats in the parental DNAs which recombined to generate the CVP8/1/P2 variant. In each panel, the middle sequence is that of
the variant DNA (abbreviated to CVP8) as recorded in the data bank; the sequences above and below are those of the parental DNAs which participated in the recombination. The
segments of the parental DNAswhich align with the inserts in the variant DNA are in upper case letters; the ﬂanking parental DNAs that do not appear in the variant DNA are in lower
case letters. The crossovers are designated by the nucleotides within the colons. Identical nucleotide sequences in the parental DNAs (microhomologies) are shown in red. The solid
and dotted lines above the parental DNA sequences indicate inverted repeats; those below the parental DNA sequences indicate direct repeats. All sequences are presented 5′ to 3′
and read from left to right to facilitate alignment. To deﬁne the polarity of the parental DNA sequences, the strands with the same sequence as that in the variant DNA are designated
plus (+ at the 5′ end) when the alignment is with the strand recorded in the data banks and minus (−) when the alignment is with the complement of the strand in the data banks.
A–F show, respectively, the 61–65 nucleotide parental DNA segments which participated in the recombination between the DNAs of monkey chromosome 17 and SV40, monkey
chromosomes 17 and 20, monkey chromosomes 20 and 3, monkey α-satellite and monkey chromosome 1, monkey chromosome 1 and SV40, and monkey chromosome 7 and α-
satellite. Themonkey DNA sequences are derived from the rhesus genome data bank except for that in panel F which is derived from the chimpanzee genome data bank (as described
in footnote d in Table 2). The repeat unit structure of the CVP8/1/P2 variant genome is shown schematically in Fig. 1.
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strain 776 (residues 62–82/83–103)( Fiers et al., 1978; Reddy et al.,
1978). In another case, the SV40 junctions with monkey α-satelliteTable 3
SV40 DNA segments in variant genomes.
Variant SV40 sequence numbersa
CVP8/1/P2 334-372/157-1/5271-5033b,c
ev-1101 66-1/5243-4729c
ev-1103 71-1/5243-5143c
ev-1104 63-1/5243-5143c,d
ev-1110 285-1/5243-5109c
ev-2101 126-1/5243-5076c
ev-2102 283-1/5243-4961c
in1449 5169-1/5243-5174c,e
a The SV40 segment in CVP8/1/P2 is from strain 777, the SV40 segment in in1449 is
from strain SVS (wt830) and those in the other variants are from strain 776.
b The SV40 sequence in CVP8/1/P2 includes an inversion and a deletion of
nucleotides 158–333 (Wakamiya et al., 1979).
c Residues 1 and 5271 are contiguous in the circular SV40 genome of strain 777 and
1 and 5243 are contiguous in strain 776. Thus, the slash (/) indicates that although
the residues (e.g., 1 and 5271) are nearest neighbors, their number designations
are discontinuous.
d ev-1104 also contains several shorter segments of SV40 DNA.
e in1449 contains an approximately 260 bp deletion between 4583–4830 on the 776
genome (Thimmappaya and Shenk, 1979).DNA in ev-1110 and with monkey chromosome 5 DNA in ev-2102
occur just 2 bp apart at, respectively, SV40 residues 285 and 283 (Figs.
S2F and S3E). It is unlikely that the clustering of the SV40 junctions
reﬂects an evolutionary relationship between these variants since the
SV40 DNA is joined to different monkey DNA segments in each case.
The more likely explanation is that this region of the wild type SV40
genome is prone to breakage and recombination. It is of note here that
the SV40 regulatory region between the replication origin and the
start site of late transcription (nucleotides 1–400) is an open DNase1-
hypersensitive and nucleosome-free region in the minichromosome
(Scott and Wigmore, 1978; Varshavsky et al., 1979; Waldeck et al.,
1978). When isolated SV40 minichromosomes were incubated by
themselves or with added DNase-1, they were preferentially cleaved
in this region giving rise to linear SV40 DNA. A distinct size class of
linear SV40 DNA molecules, some of which contained linked monkey
DNA, was detected in infected CV1 AGMK cells and it was suggested
that such molecules may be involved in the formation of the host-
substituted SV40 variants (Gruss and Sauer, 1977). Also of note is the
ﬁnding that in contrast to supercoiled SV40 DNA, linear SV40 DNA has
a tendency to enter into a rolling circle mode of replication and
exhibits increased recombinogenic potential (Dechaite et al., 1985;
Dorsett et al., 1985). Rolling circle replication has been suggested as a
likely explanation for the tandemly repeated, multimeric DNA
structure of the host-substituted SV40 variants (Dorsett et al., 1985).
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sequence homologies
The alignments of the variant DNA sequences with the parental
DNAs shown in Fig. 2 and Figs. S1–S3 identify the crossover regions
where the breaks or disruptions or other event that initiated the
recombination process occurred. The 61 to 65-nucleotide sequences
of the parental DNAs shown in these ﬁgures straddle the crossover
regions (the nucleotides between the colons) with 30-nucleotide
ﬂanking sequences on each side. Although each recombinant junction
in the variant DNA contains only one ﬂanking DNA sequence from
each parent (the nucleotides shown in upper case letters in the
ﬁgures) both ﬂanking DNAs from each parent were inspected for
features that could be relevant to the recombination mechanisms.
Earlier observations on variant DNAs containing junctions between
SV40 and known monkey DNA sequences (Alus and α-satellite)
reported short stretches of nucleotide sequence homology near the
junctions of the recombining DNA segments (Gutai, 1981; Gutai and
Nathans, 1978b; McCutchan et al., 1979). The present analysis
substantially extends these observations. The short sequence homo-
logies (henceforth microhomologies) are highlighted in red in Fig. 2
and Figs. S1–S3 and can be as long as 7–8 residues. Figs. 2A, B, and C
show that three of the pairs of parental DNAs which recombined to
generate the CVP8/1/P2 variant are characterized by homologous
sequencemotifs of this length. In several cases, homologous sequences
which are separate in one parental DNA are contiguous in the DNA of
the other parent. Thus, the tgaatact and GAAAATG motifs which ﬂank
the crossover region in the chromosome 17 parent of the junctionwith
SV40 in CVP8/1/P2 are contiguous in the SV40 parental DNA
(gaaaatgaatact) (Fig. 2A). Similarly, in the parental chromosome 1
and chromosome 17 DNAs that recombined to generate ev-1101, the
ctgccat and AAGGAAA motifs which ﬂank the crossover region in the
chromosome 1 parent occur as a contiguous 14-nucleotide stretch in
the chromosome 17 parent (Fig. S1B). Also of note is the 7-nucleotide
sequence CAGTTCC which is the identical crossover sequence in both
the chromosome 11 and SV40 parental DNAs that recombined to form
the ev-1104 variant genome (Fig. S2A). This sequence appears just
once in the SV40 genome (at residues 63-57) and once in a 1000-
nucleotide segment of chromosome 11 that straddles the crossover
region. The occurrence of the other 7 to 8 nucleotide microhomology
sequences shown in Fig. 2 and Figs. S1–S3 is also approximately once
per 1000 nucleotide segment of chromosomal DNA that spans the
crossover.
In summary Table 4, we have divided the microhomologies into
two groups, depending upon whether they occur precisely at the
crossovers (the sequences within the colons in Fig. 2 and Figs. S1–S3)Table 4
Microhomologies and repeats are characteristic of the parental monkey and SV40 DNAs wh
Variant No. parental
DNA sequencesa
No. pare
Microho
CH
CVP8/1/P2 12 12
ev-1101 6 6
ev-1103 6 6
ev-1104 8 8
ev-1110 4 2
ev-2101 6 6
ev-2102 4 4
in1449 4 2
totals 50 46
a Refers to DNA segments that comprise the crossover sequences and the 30-nucleotide ﬂa
50 parental DNAs listed above, 32 are monkey DNA segments and 18 are SV40 DNA segme
b CH refers to sequences 1–7 nucleotides long, which are common to both recombining pa
twenty-three pairs of recombining DNAs is as follows; 1 common nucleotide in ten pairs, 2 i
pairs. FH refers to sequences, 5 - 8 nucleotides long, which are common to the parental DN
c DR refers to direct repeats , 5–19 nucleotides in length; IR refers to inverted repeats, 3–or within the ﬂanking 30-nucleotide sequences. Microhomologies of
between 1 and 7 base pairs occur at the crossovers in 23 of the 25
recombining pairs of parental DNA sequences (column CH); of
these, one half comprise more than a single base pair. Micro-
homologies of 5–8 base pairs in length also occur in the right and
left 30- nucleotide ﬂanks of the crossover sequences; these ﬂanking
microhomologies (column FH in Table 4) are found in all 25 of the
pairs of recombining DNAs.
Microhomologies have been reported at the recombinant junc-
tions formed between cotransfected DNAs of SV40 and ϕX174, SV40
andmouse polyoma virus (Winocour et al., 1986 ) and at SV40/adeno-
associated virus DNA junctions in the tandemly repeated genome of
an SV40 hybrid virus generated by coinfecting both viruses into AGMK
cells (Grossman et al., 1985). Microhomologies have also been
reported at the junctions between SV40 and chromosomal DNAs in
SV40 transformed cells (Bullock et al., 1984; Stary and Sarasin, 1992;
Stringer, 1982). In addition to virus infections, microhomologies of 1
to 4 base pairs have been reported at junctions formed during the
capture of extrachromosomal DNA to repair double-stranded breaks
in mouse DNA and in a plasmid in human cells ( Lin and Waldman,
2001a,b; Little and Chartrand, 2004). Statistical calculations indicate
that the presence of even a single common nucleotide at the crossover
occurs more frequently than expected for randomly joined DNAs (Lin
and Waldman, 2001a ). More recently, microhomologies have been
recognized in a variety of naturally occurring chromosomal recombi-
nations (for a review see McVey and Lee, 2008 ) particularly in the
immune system (for a review see Nussenzweig and Nussenzweig,
2007). This has resulted in the identiﬁcation of a third class of
recombination, microhomology-mediated end joining (MMEJ) in
addition to classical homologous recombination and non-homologous
end joining. The recombination between SV40 and monkey DNAs, as
well as that between segments from different monkey chromosomes
that we have identiﬁed in the variants, appears likely to belong to the
MMEJ group.
The sequences of the recombining parental DNA segments exhibit direct
and inverted repeats
Forty-nine of the 50 parental DNA segments that straddle the
crossover regions display direct repeats of 5–19 bp, as indicated by
the underlined sequences in Fig. 2 and Figs. S1–S3 and as summarized
in Table 4. Hasson et al. (1984) have documented that direct repeats
in the parental SV40 DNA occur at or close to recombinant junctions
between different SV40 DNA segments in some variants and between
chromosomal and integrated SV40 DNA in SV40-transformed cells.
Based on a statistical analysis, these authors concluded thatich span the recombination crossovers and ﬂanking sequences.
ntal DNA sequences which display:
mologyb Repeatsc
FH DR IR
12 12 11
6 6 6
6 6 6
8 8 8
4 4 4
6 5 6
4 4 4
4 4 4
50 49 49
nks on either side; these are the segments shown in Fig. 2 and Figs. S1, S2, and S3. Of the
nts.
rental DNAs at the crossovers. The distribution of common crossover nucleotides in the
n four pairs, 3 in three pairs, 4 in two pairs, 5 in one pair, 7 in one pair, and none in two
A sequences which ﬂank the crossovers.
9 nucleotides in length.
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genome. They proposed that slippedmis-pairing, such that a repeat in
one strand forms base pairs with the "wrong" repeat on the
complementary strand, would give rise to single-stranded loops on
both strands that would be susceptible to cleavage, thus generating
free ends for strand exchanges or other recombination processes. A
general review of the stability and possible conﬁgurations within
single strands arising from slippage is available (Sinden et al., 2007).
In the majority (41/50) of parental DNAs that we have analyzed (of
both SV40 and monkey origin) the direct repeats either overlap or
immediately ﬂank the crossover regions; if these regions became
single-stranded due to slipped mis-pairing, cleavage close to the
crossovers could provide DNA ends for recombination. There are
several instances in Fig. 2 and Figs. S1–S3, where slipped mis-pairing
would place a region of microhomology within the single-stranded
loop, to facilitate the alignments of the joins.
In addition to direct repeats, inverted repeats (IRs) which in
single-stranded DNA can fold to generate stem/loop structures are
also a common feature of the parental DNAs that gave rise to the
variants. They are indicated by over-lining in Fig. 2 and Figs. S1–S3
and summarized in the column labeled IR in Table 4. Of the 50
recombining parental DNAs analyzed, 49 contain IRs that can form 3–
9 base pair long duplex stems and single-stranded loops of various
lengths and stabilities. Of these, 19 could form duplex stems that
contain the crossovers or are immediately adjacent to the crossover
sequences. The potential duplex stems of an additional 12 identiﬁed
IRs end one or two nucleotides away from the crossovers. The
remaining 18 identiﬁed IRs are distal to the crossovers but occur
within the 61–65 bp parental DNAs which straddle the crossover
sequences. The inverted repeats indicated in Fig. 2 and Figs. S1–S3
are limited to those without mismatches or gaps in the sequences
that can fold to duplex stems. However, the Mfold program (Zuker,
2003) used for the identiﬁcation of these DNA sequences permits a
degree of mis-match and/or gaps that can nevertheless fold to
generate stable stem/loop structures. These additional IRs, all of
which are associated with the crossover points and ﬂanking
sequences, are listed in Table S2. The loops of the stem/loop
structures provide another possible source of single strands that
might be susceptible to cleavage and thereby participate in crossover
events. Over 30 years ago, the ability of single-stranded SV40 DNA to
form hairpin turns, under certain conditions, in the region of the
replication origin was documented by electron microscopy (Hsu and
Jelinek, 1977; Shen and Hearst, 1977).
How do the variants arise?
Proposals to explain the generation of the host-substituted SV40
variants need to take into account two major observations in this
report: (1) The presence in the same repeat unit of covalently linked
DNA segments derived fromwidely dispersed locations in themonkey
genome and (2) the occurrence of DNA sequence microhomologies
and repeats (direct and inverted) at and surrounding the crossover
regions in the parental DNAs that recombine. In the following, we also
take into consideration the recent evidence that SV40 infection
initiates a DNA damage response in monkey cells (Shi et al., 2005;
Zhao et al., 2008) possibly accompanied by the occurrence of double-
stranded breaks in the host genome (Hein et al., 2009 ) and that
during the repair of double-stranded breaks in mouse and human
cells, unrelated DNA fragments are inserted at the repair sites (Lin and
Waldman, 2001a,b; Little and Chartrand, 2004).
The variants could arise initially by chromosomal integration of
wild type SV40 followed by excision of linked SV40 and monkey DNA
segments during the lytic cycle of replication in AGMK cells. Although
chromosomal integration is not an essential stage in the SV40
replication cycle (Rigby and Berg, 1978) viral DNA could be inserted
into the host genome during the repair of double-stranded breaks. Theinsertion of extra-chromosomal DNAs (‘captured’ DNAs) during the
repair of double-stranded breaks in yeast and inmammalian genomes
has been documented (Haviv-Chesner et al., 2007; Lin and Waldman,
2001a,b; Little and Chartrand, 2004 ). If the captured SV40 DNA
contains a viable replication origin, T-antigen activation of that origin
would result in the excision of SV40 ori segments linked to host DNA ,
a process that has been described in some SV40-transformed rodent
and human cells (Botchan et al., 1980; Bullock et al., 1984; Stary and
Sarasin, 1992). Multiple insertion and excision events could generate
a variety of ori-containing fragments linked to host DNA from diverse
chromosomal locations. This sequence of events, however, does not
readily account for the linkage between diverse monkey DNA
segments within the same repeat unit, unless one assumes a series
of additional recombination events between recombinant structures
that arose earlier.
SV40 could also recombine with extra-chromosomal circular or
linear monkey DNA fragments that were present in AGMK cells prior
to infection (Bertelsen et al., 1982) or which arose from the gross
fragmentation of cellular DNA that accompanies the cytopathic effect
in some SV40-infected AGMK cells (Ritzi and Levine, 1970).
Encapsidation of such random monkey DNA fragments into pseudo-
virions (Levine and Teresky, 1970; Trilling and Axelrod, 1970)
accumulating in inocula during serial undiluted passage of SV40, as
suggested by Gruss and Sauer (1977) would give rise to a high
concentration of random monkey DNA fragments available for
recombination. The presence of linked monkey DNA segments from
different chromosomes in the same repeat unit of the variant DNA
might be explained by the capture of unrelated monkey genomic
fragments either simultaneously or sequentially during the repair of
double-stranded breaks in SV40 DNA. It has been reported, for
example, that the repair of DNA double-stranded breaks in mice ( Lin
andWaldman, 2001a,b) and in yeast ( Haviv-Chesner et al., 2007, and
references therein) occasionally occurs by the patching-in of more
than one type of captured DNA. The linkage between different
monkey DNAs in the repeat unit may also be explained by the
observations of Stahl and colleagues that in cell- free reactions
monitored by electronmicroscopy, SV40 T-antigen unwinds non-viral
DNA (albeit less efﬁciently than SV40 DNA) and that different non-
viral DNAs may be brought into proximity by interactions between T-
antigen subunits or between T-antigen and other proteins (Schneider
et al., 1990; Wessel et al., 1992 ). If such unwinding reactions occur
with the extra-chromosomalmonkey DNA in infected cells, they could
position two diverse monkey DNA fragments into a correct juxtapo-
sition for recombination with SV40 DNA.
We now consider how the frequent occurrence of microhomol-
ogies and direct and indirect repeats close to the crossover regions
might contribute to the formation of the junctions. If these
sequence features are signiﬁcant to recombination, it is most likely
to be through the transient formation of single strands that are
sensitive to nuclease cleavage, thus providing free DNA ends. The
presence of the short nucleotide sequence homologies at or close to
the free ends would provide a means of alignment for the linkage.
Single strands could be favored by any of several mechanisms,
including the bidirectional unwinding of SV40 circular duplexes
promoted by T-antigen binding (for a review see Fanning and
Knippers, 1992) slipped mis-pairing of direct repeats (Hasson et al.,
1984) stabilization by formation of intrastrand stem/loop structures
at inverted repeats (Sinden et al., 2007 ) and the consequences of
the induction, by SV40 T-antigen, of the ATM pathway of DNA
damage response (Shi et al., 2005; Zhao et al., 2008). The ATM DNA
damage response pathway is associated with the assembly together
of T-antigen and the MRN complex (Mre11-Rad50-Nbs1) among
other proteins at the SV40 DNA replication fork (Wu et al., 2004;
Zhao et al., 2008). Mre11 is both an exonuclease on duplex DNA
and an endonuclease on single DNA strands and a model has been
presented that describes how Mre11 could, in yeast, generate
331M. Singer, E. Winocour / Virology 412 (2011) 325–332recombinant junctions at short regions of homology between
recombining segments (Paull and Gellert, 2000). Interestingly, the
repair of double-stranded breaks in a plasmid by capture of extra-
chromosomal host or SV40 DNA was reduced 10-fold in human cells
with a mutant ATM gene, relative to the control cells (Little and
Chartrand, 2004). This ﬁnding adds support to the possibility that
the ATM-mediated DNA damage response induced by the SV40 T-
antigen plays a role in the formation of the variants.
The recombinant molecules analyzed in this report were described
at a timewhen there was a limited appreciation of the various types of
recombination. Now, in addition to homologous recombination, non-
homologous end joining (NHEJ) and microhomology-mediated end
joining (MMEJ) are being investigated. SV40-host genome recombi-
nation is a good model system for the study of MMEJ. Modern
methods for cloning and sequencing allow much larger numbers of
recombinants to be analyzed than were feasible in the past and could
add signiﬁcantly to our understanding of recombination particularly
in primate cells.Materials and methods
SV40 reference sequences are identiﬁed in GenBank as J02400
(also designated AF316139) and AF332699 for strains 776 and 777,
respectively. The GenBank accession numbers for the DNA sequences
of the variants are given in Table 1; in several cases, the sequences are
incomplete except in the vicinity of the junctions.
To identify themonkey DNA sequences in the variant genomes, the
UCSC Genome Informatics BLAT tool (Karolchik et al., 2003; Kent et al.,
2002;) was used to query the rhesus (Macaca mulatta) (Gibbs et al.,
2007) or, where indicated, the chimpanzee (Pan troglodytes)
(Mikkelsen et al., 2005) genome data banks (assemblies of January
2006 ). To identify the SV40 DNA sequences, the NCBI BLAST (Altschul
et al., 1997) two-sequence (bl2seq) alignment program was used
with the variant DNA set as the query sequence and the SV40 DNA of
the reference strains as the subject sequence. RepBase (RepeatMas-
ker) resources were used to identify primate repetitive DNA families
(Jurka, 2000).
Parental DNA segments straddling the crossover regions (junc-
tions) in the recombinants were examined for the presence of
homologous sequences by eye and by using WORDMATCH of the
EMBOSS suite of bioinformatic tools (Rice et al., 2000). Tandem and
non-tandem direct repeats in the parental recombining segments
were identiﬁed using WORDMATCH, applied such that each DNA
segment was compared to itself and queried for identical sequences of
5 nucleotides or longer. Inverted repeats in the same parental DNA
segments were identiﬁed by the EMBOSS PALINDROME application
and further analyzed using Mfold version 3.2 (http://mfold.bioinfo.
rpi.edu/cgi-bin/dna-form1.cgi) (Zuker, 2003). The conditions selected
for the Mfold analyses were 1 M NaCl and no Mg 2+ and the three
most stable folding patterns were requested for the output. Unlike
PALINDROME, Mfold can return imperfect, but stable inverted repeats
because it includes nearest neighbor stacking effects as well as
Watson–Crick base pairs in its analysis.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2011.01.020.Acknowledgments
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